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Abstract The present study aimed to validate the effects
of a novel tungsten-impregnated rubber neck shield on the
quality of phantom and clinical 'O-labeled gas positron
emission tomography (PET) images. Images were acquired
in the presence or absence of a neck shield from a cylin-
drical phantom containing [15 O]JH,0 (phantom study) and
from three individuals using [°0]CO,, ['°0]0, and
[°0]CO gas (clinical study). Data were acquired in three-
dimensional (3D) mode using a Discovery PET/CT 710.
Values for cerebral blood flow, cerebral blood volume,
oxygen extraction fraction, and cerebral metabolic rate of
oxygen with and without the neck shield were calculated
from '°O-labeled gas images. Arterial radioactivity and
count characteristics were evaluated in the phantom and
clinical studies. The coefficient of variance (CV) for the
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phantom study and the standard deviation (SD) for func-
tional images were also analyzed. The neck shield
decreased the random count rates by 25-59% in the
phantom and clinical studies. The noise equivalent count
rate (NECR) increased by 44-66% in the phantom and
clinical studies. Random count rates and NECR in
['°0]CO, images significantly differed with and without
the neck shield. The improvement in visual and physical
image quality with the neck shield was not observed in the
phantom and clinical studies. The novel neck shield
reduced random count rate and improved NECR in a 3D
PET study using '>O-labeled gas. The image quality with
the neck shield was similar to that without the neck shield.

Keywords Positron emission tomography - Oxygen-15 -
Image quality - Count characteristics - Neck shield

1 Introduction

Cerebral blood flow (CBF), cerebral blood volume (CBYV),
oxygen extraction fraction (OEF), and cerebral metabolic
rate of oxygen (CMRO,) have been quantified by positron
emission tomography (PET) using oxygen-15-labeled
gases [1-3]. These quantitative parameters have been
applied to pathophysiological evaluations and used to
predict outcomes among patients with cerebral vascular
disease [4-7].

Newer PET scanners comprised of lutetium-based
scintillator acquire data only in three-dimensional (3D)
mode, which is optimized for whole-body scanning. The
high sensitivity of 3D PET has decreased the acquisition
time and the radiation dose associated with whole-body
imaging [8, 9]. However, the increase in scattered photons
from radioactivity outside the field of view (FOV) not only
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degrades image quality but also decreases the quantitative
accuracy of 3D PET [10-16]. Direct and scatter photons
from large amounts of '>O in the lungs and in blood pools,
such as the heart and major blood vessels, affect quanti-
tative PET measurements. Neck shields have been devel-
oped to reduce the contribution of annihilation photons
from outside the FOV [11, 15, 17-19]. Ibaraki et al. found
that an additional neck shield made of lead plate reduced
random events and improved the signal-to-noise ratio
(SNR) derived from reconstructed image-based SNRs
generated by 3D PET using '°O-labeled compounds [15].
Lutetium-based scintillators such as lutetium—yttrium—
orthosilicate (LYSO) and Lu,SiOs (LSO) have faster
scintillation decay than BiyGe;O;, (BGO) and Gd,SiOs
(GSO) [20]. The high count-rate capability of LYSO
scintillator reduces dead time and random coincidence
events. However, Kloet et al. proposed that an additional
neck shield would reduce the effects of radioactivity out-
side the FOV even when images are acquired using a PET
scanner with LSO [16].

Previous neck shields have been made of lead plate
[11, 15-17, 19]. We previously used the lead-plate neck
shield used by Ibaraki et al. [15] during a 'O-labeled gas
study using a conventional PET scanner that has a smaller
trans-axial FOV than do most PET/CT scanners. The neck
shield made of lead could be attached to PET scanners
manufactured by SHIMADZU (SHIMADZU Corp., Kyoto,
Japan) only [15]. In the present study, we used a novel neck
shield comprised of tungsten-impregnated rubber and a
stainless metal-alloy frame to reduce scatter radiation from
radioactivity outside the FOV. Tungsten-impregnated
rubber is softer and more flexible than lead; it can be
shaped to fit curved surfaces. The neck shield was designed
to avoid feelings of oppression and constriction during '>O-
labeled gas studies regardless of the physique of the
patient.

The present study aimed to validate the effects of the
tungsten-impregnated rubber neck shield on the quality of
images acquired from a phantom (phantom study) and from
'30O-labeled gas inhalation (clinical study) using 3D PET
and a high-end LYSO scanner.

2 Materials and methods
2.1 PET/CT equipment

All data were acquired using a Discovery PET/CT 710 (GE
Healthcare, Milwaukee, WI, USA) [21]. The PET scanner
comprised 13,824 LYSO crystals in a 4.2 x 6.3 x 25-mm’
block. The PET detector comprised a 150.42-mm axial
FOV and a 700-mm trans-axial FOV with a 64-slice CT
scanner. The spatial resolution according to the National

Electrical Manufacturers Association (NEMA) NU 2-2007
was 4.52 mm (full width at half maximum, FWHM, at
1.0 cm off center) [22].

2.2 Novel neck shield

The novel neck shield (Universal Giken, Odawara, Japan)
comprised a stainless alloy frame with an axial length of
163 mm and tungsten-impregnated rubber (6 mm thick)
that was equivalent to >6 mm lead (Fig. 1). The
564 x 318 mm (width and height) rubber component
consists of a base sheet, right and left covers, and top sheet
that are easily connected and can cover the shoulders of
patients. The weights of the neck shield components were
6.6, 5.6, and 3.6 kg for the base sheet, right and left covers,
and top sheet, respectively.

2.3 Phantom study

An acrylic cylindrical phantom (diameter, 20 cm; length,
16 cm) simulated a human head and another (diameter,
20 cm; length, 25 cm) simulated the body. The center of the
PET axial FOV head-simulated phantom containing
['*O]H,0 was placed 16 cm from the body phantom con-
taining an '°F solution. The reported brain to body
radioactivity ratio of inhaled ['°0]O, is 1:8 [23]. The
radioactivity ratio of brain to body was set to 1:7.6 and 1:7.3
with and without neck shield, respectively, at the start of
each image acquisition. The amount of ['°O]H,O radioac-
tivity in the head-simulated phantom was determined by the
mean radioactive concentration of the whole brain in the
['°0]0, images of three participants. The amount of
radioactivity was 102.9 and 93.7 MBq with and without the
neck shield, respectively, at the start of each image acqui-
sition. Images were acquired from the head-simulated
phantom for 3.5 min with and without the neck shield.

2.4 Clinical study

All retrospective experiments were approved by the insti-
tutional review board (IRB) and were performed in
accordance with the IRB rules and policies (282559, and
28-371). We retrospectively analyzed '>O-labeled gas
images acquired from three participants (average age,
22.5 years; average height, 172.0 cm; average weight,
64.0 kg). After a low-dose CT scan for attenuation cor-
rection, three sequential emission scans of inhaled
['°0]CO, (2000 MBg/min), ['>0]0, (3000 MBg/min), and
['°0]CO (2000 MBg/min) were performed with and
without the neck shield (Fig. 2). The acquisition of images
for 3.5 min in ['°0]CO, and ['°0]0, scans were initiated
simultaneously with the 1.5-min inhalation of these gases
[24]. Then, participants inhaled ['?O]CO gas for 4 min and
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Fig. 1 Novel tungsten-
impregnated rubber neck shield
with stainless alloy frame.
Whole (a), top (b), and front
(c) views. Arrows tungsten-
impregnated rubber
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Fig. 2 Schema of '>O-labeled gas study using a positron emission tomography (PET) auto-radiographic method

['°0]CO images were acquired for 4 min after 3 min of
[ISO]CO gas inhalation. The interval between each gas
inhalation was 10 min.

The amount of radioactivity in arterial whole blood was
continuously measured via arterial puncture by a physician
using a BeCON Model 01 Gd,SiOs:Ce (GSO) coincidence
detector (Molecular Imaging Labo, Suita, Japan) while the
images of inhaled [150]C02 and [150]02 were acquired
[25]. The amount of radioactivity was measured in samples
of arterial whole blood (1.0 mL) that were manually col-
lected at 0, 2, and 4 min during the acquisition of PET
images of ['°0]CO inhalation using a BeWell Model-QS03
F/B well counter (Molecular Imaging Labo, Suita, Japan).

2.5 Data processing

PET images were reconstructed under the following con-
ditions: three-dimensional-ordered-subsets expectation—
maximization (3D-OSEM) algorithm, 128 x 128 matrix,
47 slices, 2.0 mm/pixel, 3.27 mm/slice, 4 iterations, 16
subsets, and Gaussian filter of 3.0 mm (FWHM). The
clinical []50]C02 and [150]02 images consisted of 12

frames of 5s and 10 frames of 15 s. Attenuation was
corrected using the corresponding CT image. We applied
scatter limitation correction (SLC) to correct the SC error
derived from high levels of radioactive '>O gas inside a
facemask [23, 26]. The SLC limits the amount of scatter
outside the object when the scatter fraction of the emission
profile exceeds a specific threshold and allows SC scaling
to levels typical of clinical PET images. That is, signifi-
cantly scaled scatter profiles are scaled down by adjusting
the amount of scatter outside the object in the process of
single scatter simulation [26]. We calculated the CBF,
CBV, OEF, and CMRO, from functional images and
amounts of radioactivity in arterial blood using the PET
autoradiographic method with Xeleris software (GE
Healthcare, Milwaukee, WI, USA) [3].

2.6 Data analysis
2.6.1 PET count rate characteristics

Noise equivalent count rates (NECRs) [27] were calculated
as follows:



Effects of a novel tungsten-impregnated rubber neck shield on the quality of cerebral images... 425

2, (T+S8)

[cps],

where SF is the scatter fraction, 7 is the true coincidence
count rate, S is the scatter coincidence count rate, and R is
the random coincidence count rate. We calculated
(T + S) by subtracting the random from the prompt coin-
cidence count rate (P). The NECR was calculated for the
image sequences of each gas in the clinical study. We
calculated NECR gain as NECR with/without the neck
shield. Values for P, R, (T + S), and NECR in each frame
of [15 0O]CO, and [150]02 images with and without the neck
shield in the clinical study were compared using the Wil-
coxon matched-pairs signed rank test. Values of p < 0.05
were considered significant.

2.6.2 Image uniformity

Circular regions of interest (ROIs) of 18 cm in diameter
were placed on all slices of the center of the head-simu-
lated phantom images to determine mean radioactivity
(kBg/mL) and standard deviation (SD). The coefficient of
variance (CV) to evaluate image uniformity for each slice
was calculated as

Vi = SDifnean radioactivity, % 100(%),

where i is the slice number. The radioactivity concentration
and CVs between with and without the neck shield were
compared using the Wilcoxon matched-pairs signed rank
test. Values of p < 0.05 were considered significant.

2.6.3 Variation of voxel value

Circular ROIs with a 10-mm diameter were placed manu-
ally on three adjacent slices of CBF, CBV, OEF, and
CMRO, images (24 ROIs per region) of the cerebellar
cortex and frontal, temporal, and occipital lobes in the
clinical study (Fig. 3). The SDs inside ROIs from images of
the three participants were measured. The average SD of
functional images was calculated from all SDs from the
three participants. We calculated SD change from the ratio
of average SD with and without the neck shield. We com-
pared SDs with and without the neck shield using paired
t tests. Values of p < 0.05 were considered significant. All
ROIs were analyzed using Dr. View/Linux (AJS, Tokyo,
Japan).

2.6.4 Inter-acquisition variability

We also compared the mean value, SD, and CV (SD/mean
value) of quantitative metrics of CBF (mL/100 g/min),
CBV (mL/100 g), OEF (%), and CMRO, (mL/100 g/min)
in each region with and without the neck shield.

3 Results
3.1 PET count rate characteristics

Table 1 shows the PET count characteristics in the phan-
tom and clinical studies. The neck shield decreased the
prompt and random count rates by 37.1 and 58.8%,
respectively, and increased the true + scatter count rate
and NECR by 15.0 and 61.3%, respectively, in the phan-
tom study. Prompt and random count rates in the clinical
study were decreased by 9.5 and 24.5% in ['°0]CO,
images, by 22.1 and 36.3% in [>0]0, images, and by 20.8
and 44.9% in ['°0O]CO images, respectively. The neck
shield significantly decreased the prompt and random count
rates of [150]C02 and [150]02. The true + scatter count
rates and NECRs were increased by 14.2 and 43.9%, 15.5
and 65.9%, and 9.3 and 55.0% in the ['°0]CO,, [°0]0,,
and ["°O]CO images, respectively. True + scatter count
rates and NECRs were significantly increased with the
neck shield except for the true + scatter count rate in the
[150]C02 images. The count characteristics of the clinical
[ISO]CO images tended to be the same as those of the other
images, i.e. the difference was not statistically significant.
The values of the scatter fraction were not different
between with the neck shield and without the neck shield in
the phantom and clinical studies.

3.2 Image uniformity

Figure 4 shows the mean radioactivity of all ROIs in the
phantom study with and without the neck shield. The mean
radioactivity was lower in caudal slices than in cranial
slices. The average of mean radioactivity and the CV of all
ROIs with and without the neck shield were 12.2 £+
0.1 kBg/mL and 15.4 £ 8.2%, and 11.1 & 0.1 kBg/mL
and 16.3 £ 8.8%, respectively. The neck shield signifi-
cantly decreased radioactivity concentration and CV (both
p < 0.05). The ratio of injected radioactivity in the phan-
tom with and without the neck shield was equivalent to the
ratio of mean radioactivity concentration in the phantom
image with to that without the neck shield.

3.3 Variation of voxel value

Table 2 shows the average SDs with and without the neck
shield and SD change using the neck shield in functional
images. The neck shield significantly decreased SD in the
CMRO, images (p < 0.05). Further, the SD of the cere-
bellum region in the CBF images, occipital region in the
CBV images, and all regions in the CMRO, images
decreased significantly with the neck shield (p < 0.05).
There was no change in SD after using the neck shield in
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Fig. 3 Location of regions of interest (ROI) on cerebral blood flow images. Circular 10-mm ROI are set on three adjacent slices

Table 1 PET count characteristics in phantom and clinical studies

Prompt (Mcps) Random (Mcps) True + scatter (Mcps) Scatter fraction NECR (kcps) NECR gain
Phantom
Without shield 1.07 0.75 0.32 0.29 69.3 1.61
With shield 0.67 0.31 0.36 0.28 111.8
Clinical
['°0]CO, (n = 3)
Without shield 1.61 + 043 0.98 + 0.28 0.62 £ 0.15 0.28 + 0.02 123.7 £ 31.8 1.44
With shield 1.45 + 0.46* 0.74 + 0.29* 0.71 £ 0.18 0.29 + 0.02 178.0 £ 43.0
[°0]0, (n = 3)
Without shield 1.38 £ 0.39 1.00 £ 0.28 0.38 + 0.12 0.29 £+ 0.02 543 £ 214 1.66
With shield 1.07 £ 0.31* 0.64 + 0.20* 0.43 £ 0.10* 0.29 + 0.02 90.1 & 23.6%*
[°0ICO (n = 3)
Without shield 0.20 + 0.05 0.11 + 0.04 0.09 £ 0.03 0.31 + 0.01 189 £ 5.8 1.55
With shield 0.16 + 0.07 0.06 + 0.04 0.10 £ 0.04 0.31 + 0.01 29.3 £ 9.1

NECR noise equivalent count rate

* Significant difference from values obtained without neck shield (Wilcoxon matched pairs signed rank test, p < 0.05)

14

13

12

Mean radioactivity (kBq/mL)

With shield
-e- Without shield

10 1 1 1 1
0 10 20 30 40 50

Caudal slice Cranial slice

Slice number

Fig. 4 Mean radioactivity of slices in a head phantom with and
without the neck shield. Black and white circles with and without the
neck shield, respectively

the entire CBF, CBV, and OEF images, nor were there
region-specific changes. Figure 5 shows the CBF, CBV,
OEF, and CMRO, images from a participant with and
without the neck shield. The image noise on functional
images with the neck shield was the same as that without it.

3.4 Inter-acquisition variability

The mean £ SD of the quantitative parameters of CBF,
CBYV, OEF, and CMRO;, in total region with and without
the neck shield were 54.5 + 11.8 and 55.7 £+ 14.8 mL/
100 g/min; 3.3 + 1.1 and 3.4 + 1.1 mL/100 g; 36.2 + 3.4
and 38.3 £ 5.0%; and 6.3 £ 2.3 and 8.1 + 3.5 mL/100 g/
min, respectively. Table 3 shows the SD and CV of
quantitative parameters of CBF, CBV, OEF, and CMRO,
in each region with and without the neck shield.
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Table 2 SDs (mean + SD) and SD changes of CBF, CBV, OEF, and CMRO, with and without neck shield

Region CBF (n = 3) CBV (n = 3) OEF (n = 3) CMRO, (n = 3)
Without With shield Without With Without With Without With
shield shield shield shield shield shield shield
Cerebellum 9.0 £ 3.0% 74 £26*% 0905 1.0+06 41+£12 43+14 1.0=£04% 0.7 &£ 0.3*
Frontal 8.2 £ 3.1% 8.7 £3.3*% 0.6 £0.2% 0.8 £ 03* 3.0+£09 29+£1.0 12 +£0.6* 1.1 &£ 0.6*
Temporal 74 +£29 7.0 +£28 1.2 +£ 0.7 1.3+£06 34+1.1 3109 1.0+ 04* 0.7 &£ 0.3*
Occipital 13.1 £ 7.6% 14.1 £ 8.0% 1.2 £ 0.7* 0.9 +03* 109+ 79 102 £ 7.1 29 +£2.2%* 2.2 + 1.6%
Total 9.7 £ 49 9.8 +£53 1.0 £ 0.6 1.0+05 63+£47 6.0 +44 1.8+ 1.3* 1.4 + 1.0*
SD change of total 0.99 1.01 1.05 1.28
region

SD standard deviation, CBF cerebral blood flow, CBV cerebral blood volume, OEF oxygen extraction fraction, CMRO; cerebral metabolic rate of

oxygen

* Significant difference from values obtained without neck shield (paired ¢ test, p < 0.05)

Without
shield

With
shield

Without
shield

With
shield

Fig. 5 Parametric images of cerebral blood flow (CBF), cerebral
blood volume (CBV), oxygen extraction fraction (OEF), and cerebral
metabolic rate of oxygen (CMRO,) with and without the neck shield.

4 Discussion

We investigated the ability of a novel neck shield made of
tungsten-impregnated rubber to improve the quality of '>O-
labeled gas images acquired using 3D PET/CT. The neck
shield improved NECRs from 43.9 to 65.9% by reducing
random coincidence in the phantom and clinical studies.

Color scales in the CBF and CMRO, images represent 0-80% of the
maximum value. The ranges of the color scales in the CBV and OEF
images are 0-20 (mL/100 g) and 0-80 (%), respectively

However, an improvement of physical and visual image
quality with the neck shield was not observed in the
phantom and clinical studies.

Radioactivity outside the FOV degrades 3D PET whole-
body and brain image quality and quantitation [10-16]. A
neck shield reduces direct and scattered photons from
outside of the FOV and improves count rate performance
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Table 3 Inter-acquisition
variability with and without the

neck shield in each region

Quantitative parameter Region Mean SD CV (%)
CBF (n = 3) [mL/100 g/min] Cerebellum 62.3 7.6 12.3
Frontal 559 54 9.5
Temporal 58.4 6.3 10.8
Occipital 442 44 10.1
CBV (n = 3) [mL/100 g] Cerebellum 33 0.7 20.3
Frontal 3.0 0.4 12.0
Temporal 4.4 1.1 26.2
Occipital 2.8 0.5 18.5
OEF (n = 3) [%] Cerebellum 35.9 2.6 7.3
Frontal 37.9 2.8 7.3
Temporal 37.8 3.5 9.4
Occipital 37.2 33 9.0
CMRO, (n = 3) [mL/100 g/min] Cerebellum 7.8 1.5 19.4
Frontal 7.6 1.3 16.8
Temporal 7.7 14 18.2
Occipital 5.9 0.9 15.5

CBF cerebral blood flow, CBV cerebral blood volume, OEF oxygen extraction fraction, CMRO, cerebral
metabolic rate of oxygen, SD standard deviation, CV coefficient of variation

[11, 15, 17-19]. Thompson and Moreno-Cantu found that
an additional shield during brain PET imaging with ['!"
Clraclopride, ['°0O]H,0, and ['*FIFDG improved NEC in
three studies. They concluded that the additional shield
conferred the greatest benefit upon ['>OJH,O or '*O-oxy-
gen images [19]. Spinks et al. also found that an additional
shield improved PET count rates, more so in head than in
body images [11]. Our phantom and clinical results showed
that the random count rate of [150]02 decreased to 36.3%
and that the NECR increased to 65.9% using the neck
shield. Ibaraki et al. [15] showed that random counts were
reduced by about 40% and NECR increased by about 40%
when a 7-mm lead-plate neck shield was applied during
[15 0]O, image acquisition [19]. Our PET count charac-
teristics using a tungsten-impregnated rubber neck shield
with a lead equivalent of 6 mm were similar to those
reported by Ibaraki et al. [15]. The values of scatter fraction
were not much different with and without the neck shield.
The radioactivity outside the FOV was found to have no
effect on the scatter fraction in a previous study [14]. Our
findings suggest that the benefit of the neck shield is in the
reduction of random counts. Our PET/CT scanner exhib-
ited higher count rates and decreased dead time because the
scanner uses LYSO, in which fluorescence decays faster
than the GSO used by Ibaraki et al. [15]. The NECR results
suggested that the quality of PET images acquired using an
LYSO scanner and '"O-labeled gas is not degraded by
scatter photons from outside the FOV.

The variation of voxel value of CMRO, decreased sig-
nificantly upon using the neck shield, although the CMRO,
image did not improve visually. The neck shield not only

improved the statistical noise in functional images in the
clinical study but also the parameters of image quality such
as CV in the phantom study. Ibaraki et al. showed that a
neck shield improved SNR calculated using the bootstrap
method by about 20% [15]. The neck shield did not
improve measures of image quality such as CV and SD in
the present study because our iterative 3D-OSEM method
of reconstruction might produce less image noise without
the neck shield, compared to other methods.

Thus, the quality of functional images was equivalent
between the procedures done with and without the neck
shield when the PET system included an LYSO scanner
and the reconstruction method was 3D-OSEM. The rela-
tionship between the count characteristics and image
quality is nonlinear when using 3D-OSEM in a PET/CT
scanner that does not correct for scatter and random events
by subtraction of the estimated scatter and random events,
respectively [28]. Furthermore, the improvements of image
quality based on SD change were slight in comparison with
NECR gain in our study.

In the phantom study, the difference of mean radioactive
concentration with and without the neck shield was
equivalent to the difference in injected dose in the phantom
with and without the neck shield. Thus, we demonstrated
that the neck shield did not affect the quality and quantity
of '°O-labeled gas images from the phantom study. How-
ever, the range of CVs, which represent the inter-acquisi-
tion variability between acquisitions with and without the
neck shield, was 9.5-12.3%, 12.0-26.2%, 7.3-9.4%, and
15.5-19.4% in the CBF, CBV, OEF, and CMRO,,
respectively. The inter-acquisition variability of CBV and
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CMRO, was worse than those found in a previous study
[29]. Although we defined the ROIs to exclude large blood
vessels in the CBV image, spillover from small blood
vessels contained in ROIs might have degraded the inter-
acquisition variability. Further, the quantitative parameter
of CMRO, was calculated from the CBV images, meaning
that the inter-acquisition variability of CMRO, might also
be degraded.

The present study has two limitations. One is that the
sample size of three participants was insufficient to estab-
lish definite evidence. The other is that some technologies
such as point-spread-function [30], time-of-flight [31], and
a novel reconstruction algorithm [32] might also improve
the image quality of '>O-labeled gas imaging. We did not
make comparisons with these various other correction
methods.

5 Conclusion

A tungsten-impregnated rubber neck shield reduced the
random count rate and improved count-based SNR such as
NECR in a 3D PET study using '>O-labeled gas. The
image quality with the neck shield was as same as that
without the neck shield. The neck shield is useful in terms
of improvement of count rate performance, and our PET
system and acquisition condition without the neck shield is
applicable to qualitative and quantitative '>O-labeled gas
PET imaging.
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